Sensors 2013, 13, 16611-16624; doi:10.3390/sl3121661 1 



OPEN ACCESS 



sensors 

ISSN 1424-8220 

www.mdpi.com/journal/sensors 

Article 

PANI and Graphene/PANI Nanocomposite 

Films — Comparative Toluene Gas Sensing Behavior 

Mitesh Parmar 12 , Chandran Balamurugan 1 and Dong-Weon Lee 

1 MEMS and Nanotechnology Laboratory, School of Mechanical Systems Engineering, Chonnam 
National University, Gwangju 500757, Korea; E-Mails: miteshparmarl7@gmail.com (M.P.); 
cbalamurugan2008@gmail.com (C.B.) 

Department of Instrumentation and Applied Physics, Indian Institute of Science, 
Bangalore 560012, India 

* Author to whom correspondence should be addressed; E-Mail: mems@jnu.ac.kr; 
Tel.: +82-62-530-1669; Fax: +82-62-530-0337. 

Received: 24 September 2013; in revised form: 15 November 2013 / Accepted: 22 November 2013 / 
Published: 3 December 2013 



Abstract: The present work discusses and compares the toluene sensing behavior of 
polyaniline (PANI) and graphene/polyaniline nanocomposite (C-PANI) films. The 
graphene-PANI ratio in the nanocomposite polymer film is optimized at 1:2. For this, 
N-methyl-2-pyrrolidone (NMP) solvent is used to prepare PANI-NMP solution as well as 
graphene-PANI-NMP solution. The films are later annealed at 230 °C, characterized using 
scanning electron microscopy (SEM) as well Fourier transform infrared spectroscopy 
(FTIR) and tested for their sensing behavior towards toluene. The sensing behaviors of the 
films are analyzed at different temperatures (30, 50 and 100 °C) for 100 ppm toluene in air. 
The nanocomposite C-PANI films have exhibited better overall toluene sensing behavior in 
terms of sensor response, response and recovery time as well as repeatability. Although the 
sensor response of PANI (12.6 at 30 °C, 38.4 at 100 °C) is comparatively higher than that of 
C-PANI (8.4 at 30 °C, 35.5 at 100 °C), response and recovery time of PANI and C-PANI 
varies with operating temperature. C-PANI at 50 °C seems to have better toluene sensing 
behavior in terms of response time and recovery time. 

Keywords: graphene; PANI; nanocomposite polymer; toluene; sensing 
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1. Introduction 

One of the main reasons for the vast advancement in the field of sensing technology is to provide 
safety and security to mankind. Air pollution influences human health and can cause a number of 
diseases. The major air pollutants include CO/C0 2 , NO*, S0 2 and volatile organic compounds (VOCs). 
The main VOCs contributing to pollution are benzene, toluene, ethylbenzene and xylenes — commonly 
known as BTEX. Among BTEX, benzene is one of the most commonly used substances in many 
chemical and process industries for manufacturing rubber, lubricants, dye, detergents, drugs, 
pesticides, etc., [1,2]. However, benzene, being carcinogenic, is often replaced with alternate 
chemicals like toluene. Nevertheless, human exposure to higher concentrations of toluene can still be 
hazardous and life-threatening. According to the UK Health Protection Agency (HPA), the 
occupational standard for 8 h toluene exposure is 50 ppm (191 mg/m ) [3]. Therefore, there is an 
increasing need for efficient toluene sensors to monitor and control the emissions of toluene. 

Based on the sensing mechanism, sensors can be categorized as resistive sensors, quartz 
crystal-based sensors, surface acoustic wave (SAW)-based sensors and also field-effect transistor 
(FET)-based (which shows device characteristics change) sensors [4]. Due to the inherent advantage of 
resistive-based sensors, such as high sensitivity and easy circuitry, they are the most widely researched 
toluene sensors. Table 1 shows the sensing behavior of some of the resistive-based toluene sensors 
reported in the recent times. As can be observed from the table, intrinsically conductive polymers 
(ICPs) are not as widely used as active sensing material for toluene detection compared to other strong 
oxidizing or reducing gases. Although the limit of detection (LOD) for metal oxide (MOX) -based 
sensors is generally better (up to parts per billion i.e., ppb); their operating temperature is 
comparatively much higher than that of ICPs. For MOXs, toluene dehydrogenates at the sensing 
surface and this alters the work function of the sensing film by donating electrons and changing the 
Fermi level [5-7]. Depending on the type of semiconducting MOX used, the film resistance increases or 
decreases in the presence of analyte. The case with ICPs is similar. In the case of ICPs, the sensor output 
is based on the variation in conductivities due to the change in work functions [8]. However, these ICPs 
generally respond in similar way towards different analytes. This problem can be overcome by tuning 
these ICPs, which helps to prepare a variety of sensing films. Incorporation of other micro/nanoparticles 
helps to obtain conductive polymer nanocomposites (CPCs) and to enhance their selectivity. Some of the 
recent works on CPCs exhibit not only improvements in selectivity, but also in LOD, even for room 
temperature operation [9,10] — one of the main drawbacks of the MOX sensors. 

Recently, a different sensing mechanism was proposed by Matsuguchi et al. [11] for toluene 
sensing using carbon black-N,N-dimethyl-l,3-propanediamine (MCD) co-polymer. According to this 
mechanism, a change in the resistance of the sensing material is observed due to breakdown of the 
conducting network as a result of sorption at insulating toluene into micro-voids. However, there is a 
constant negative shift in the base resistance value at every sensing cycle of 200 ppm toluene. This 
shift in the base resistance line can be due to non-reversible accumulation of analyte or chain 
relaxation. As the sensing mechanism is resistive-based, the equal change in the resistance value 
exhibits a shift in sensitivity due to the varying resistance baseline. Considering the advantages offered 
by ICP-based sensors such as, low cost and possibility of working at room temperatures besides their 
processing simplicity; ICPs can play a vital role in room temperature toluene sensing, unlike MOXs in 
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Table 1. Nevertheless, ICP-based toluene sensors need further improvement before their 
commercialization owing to insufficient reproducibility, sensitivity to humidity, temporal drift of 
specific conductivity and their susceptibility to poisoning. 

Polyaniline (PANI) is one of the most technologically promising ICPs. Its advantages include easy 
synthesis, environmental stability, low cost, controllable electrical conductivity, and interesting redox 
properties [19-26]. In order to overcome some of the above-mentioned limitations of ICPs, PANI is 
used heterogeneously along with different materials to form conductive polymer nanocomposites 
(CPCs with ICP matrix). As discussed by Stankovich et al. [27], the properties of any CPC largely 
depend on the aspect ratio and surface-to-volume ratio of the filler. Graphene (GR), being a 2D 
material, possesses excellent surface-to-volume ratio. In addition to this, it has some of the unique 

2 — 1 —1 

characteristics such as excellent carrier mobility (-10,000 cm -V -s ), very high surface to volume 
ratio (theoretically 2630 m 2 -g _1 ), thermal conductivity (3000-5000 W-m~ -K~), Young's modulus 
(0.5-1 TPa) and ultimate strength of 130 GPa, low Johnson as well as 1/f noise (switching) due to few 
crystal defects, etc. — is another wonderful material that has enthralled researchers worldwide [27-32]. 

According to the literature, the pristine GR is not suitable for gas sensing applications because of 
low adsorption energies of test gas molecules on the GR surface [22,30,33]. Hence, GR is 
functionalized with elements such as B, N, Al, Si, Cr, Mn, Pd, Pt, Ag, Au, or other metal common gas 
sensing materials such as ZnO, WO3 and T1O2 [27-32,34-36]. In addition to this, GR is also used with 
polymer ionic liquid (PIL) for sensing application [9]. The incorporation of GR in polymer i.e., 
graphene polymer nanocomposite (Gr-PnC) is a way to get best of both materials — GR and polymer. 
A composite is a combination of multiple materials in which the property might be a weighted average 
of the components or a completely new one. The recent studies discuss the numerous applications 
along with structural, optical, thermal and electrical properties of Gr-PnC [27,34-36]. These 
composites contain GR with different polymer matrix. The polymer used in these matrixes can be 
either intrinsically conducting polymer (ICP) or non-conducting polymer (NCP). Depending on the 
kind of polymer matrix, the interaction between these composites and analyte vapor varies. 

Owing technological promises of PANI, graphene/PANI nanocomposite (C-PANI) is attracting 
interest of scientific community [10,33,36-43]. Yet the studies on sensing property of C-PANI started 
recently [39-41]. Therefore, we are reporting the comparative sensing behavior of intrinsic PANI and 
GR/PANI nanocomposite film towards toluene gas. For this, the polymer nanocomposite films are 
grown using spin coating. In order to compare the sensing behavior of nanocomposite PANI films with 
homogeneous PANI films, the PANI based sensors are also fabricated following the similar technique. 
The films are characterized using scanning electron microscopy (SEM) as well as Fourier transform 
infrared spectroscopy (FTIR) and later are analyzed at different operating temperature for the sensing 
of 100 ppm toluene. 
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Table 1. Toluene sensing using resistive gas sensor with different sensing materials. 



Sensing Materials 


Additives/ 
Catalysts 


Resistance (R) in 
Presence of Analyte 


Detection 
Range 


Operating 
Temperatures 


Sensitivity* 


Ref. 


Nanoporous Ti0 2 


Pd 


decreases 


50-200 ppm 


RT 


1.85 for 200 ppm 


[12] 


WO3 microtubes 


Carbon 


decreases 


50-500 ppb 


90 °C 


39 for 500 ppb 


[13] 


ZnO and 1 i0 2 -doped ZnO nanostructures 


I1O2 


decreases 


1-3000 ppm 


160-390 C 


16.10 tor 100 ppm (at 290 C) 


[7] 


Ti02 nanostructured films by 
hydrothermal method 




decreases 


50 ppb 


450-550 °C 


24 for 50 ppm for 10 min 
exposure (at jUU c ) 


[14] 


WO3 using cotton fibers as templates 


Carbon 


decreases 


100 ppb- 1000 ppm 


190-370 °C 


0.8 for 100 ppb for 40 sec 
exposure (at 320 °C) 


risi 

L J 


Ti02 nanotubular films 
by hydrothermal method 




decreases 


50 ppm 


500 °C 


5 1 % for 50 ppm toluene 
(at 500 C) 


[6] 


Pure and Sn-, Ga- and 
Mn-doped ZnO nanoparticles 


Sn, Ga 
and Mn 


decreases 


5000 ppm 


200-600 °C 


1050 to 5000 ppm for 
Mn-doped ZnO (at 400 C) 


[16] 


NiO crystallites by hydrothermal method 


— 


increases 


3-1100 ppm 


350 °C 


1.28 tor 11 ppm and 2.2 lor 

1 1 

1100 ppm 


[17] 


TeUapod-shaped 
ZnO nanopowders 




decreases 


100 ppm 


180-480 °C 


11 for 100 ppm (at 320 °C) 


[18] 


Carbon nanoparticles (CNP)/N,N,- 
dimethyl-l,3-propanediamine-copolymer 


Carbon 
black 


increases 


<550 ppm 


30 °C 


0.04 for 200 ppm 


[11] 


Hybrid film of chemically 














modified graphene and 


Graphene 


increases 


Fully saturated 


RT 


0.3 for fully saturated 


[9] 


vapor-phase-polymerized PEDOT 















* As definition of sensitivity varies in these studies, the sensitivity is normalized as (Rfi na i-Rbase)/Rbase- 
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2. Experimental Section 

2.1. Fabrication ofPANI and C-PANI Based Sensor 

The PANI (emeraldine salt; Sigma Aldrich, St. Louis, MO, USA) is first converted into the base 
form by treating it with ammonia (NH4OH) solution and later dissolved in N-methyl-2-pyrrolidone 
(NMP; Sigma Aldrich) by a combined magnetic stirring and sonication process. After dissolving the 
PANI in NMP, the solution is divided into two parts. To one of the parts, graphene is added to make 
graphene-PANI in 1:2 ratio. The nanocomposite PANI-NMP solution is further stirred magnetically 
and sonicated (at 200 watt for 6 h) to uniformly disperse the graphene flacks. The homogeneous 
PANI-NMP solution and nanocomposite PANI-NMP {i.e., GR-PANI-NMP) solution are tagged as 
Soli and Sol2 respectively. The films of these solutions are spin coated layer-by-layer (LbL) on 
piranha-cleaned Si02-coated Si substrates. In order to improve the adhesion of the polymer films 
towards the SiC^-coated Si substrate, hexamethyldisilazane (HMDS) is used as interfacial layer. The 
films are spin-coated LbL ten times in order to obtain a measurable resistance using a Sourcemeter 
2400 (Keithley Instruments, Inc., Solon, OH, USA). The thickness of sensing film is observed to be 
-500 nm, measured using cross-section SEM imaging. The samples spin-coated using solutions Soli 
and Sol2 are named SI and S2, respectively. After the coating of the polymer films, they are kept at 
230 °C for 3 h to remove moisture and NMP solvent. The heating temperature is selected after a 
careful examination of the respective material properties of NMP and PANI. 

In order to study the electrical characteristics and the sensing behavior, electrode deposition is the 
next important step. The electrode deposition, in a two-end configuration, is performed by direct 
current (DC) sputtering of aluminum (Al) over the S1-S2 samples. Al is sputtered for 60 min at 57-59 W 
power. The Al film thickness is measured using an optical surface profilometer (NanoSystem 
NV-1000 equipped with NanoView software, NanoSystem Co. Ltd., Daejeon, Korea) as well as 
mechanical testing (Veeco Dektak 150 with DektekV9 software, Veeco Instruments Inc., New York, NY, 
USA), and found to be -100 nm. After the electrode deposition, the wire connection is taken using 
conductive epoxy (Circuitworks® conductive epoxy CW2400, ITW Chemtronics, Kennesaw, GA, USA). 
The schematic of the sensor is shown in Figure 1. These polymer films are characterized using SEM and 
FTIR. The FTIR characterization is performed in the wavenumber range from 450 to 4000 cm -1 , using a 
Frontier FT-IR/NIR instrument (PerkinElmer, Waltham, MA, USA). 

Figure.l. Schematic diagram of a toluene sensor. 




2.2. Sensor Testing Setup 

The samples SI and S2 are analyzed for their sensing behavior using an in-house developed 
cost-effective as well as reliable gas sensor testing setup. The sensor testing setup consists of a laboratory 
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hot-plate, an acrylic glass chamber with inlet-outlet and pressure monitoring outlet along with electrical 
connections, mass flow controllers (Bronkhorst-Hightech model F201CV, Bronckhorst-Hightech, 
Gelderland, The Netherlands) and Keithley Sourcemeter 2400. The sourcemeter is interfaced with the 
computer using IEEE-488 General Purpose Interface Bus (GPIB) cable and real time data recording is 
performed with the help of a LabVIEW-based program (National Instruments, Austin, TX, USA). The 
gas-sealing is made of polydimethylsiloxane (PDMS) using a conventional molding technique [44]. 
Figure 2 shows the sensor testing setup. 

The electrical analyses are performed by taking I-V characteristics and R-V characteristics for the 
voltage ranges of 0 to +10V/-10V along with the hysteresis loop, at the operating temperature of 
30 °C. Later, the sensing analysis on these samples is performed with temperature modulation. The 
sensing analysis includes sensor response, response time and recovery time. 

Figure 2. Schematic representation of the sensor testing setup. 



Keithley Sourcemeter 





Sensing chamber with sensor inside 



3. Results and Discussion 



In the present study, two types of sensing films are under consideration — PANI (ICP) and C-PANI 
(CPC with ICP matrix) films. As discussed before, the interaction of analyte with ICPs and with 
CPCs + ICPs using ICP matrix will be different. In case of ICPs, the sensor output will be based on the 
variation in conductivities due to a change in work functions [8]. For the CPC (with a non-conducting 
polymer matrix), the variation in the film conductivities will be related to changes in the tunnelling 
conduction of the percolated network. This tunnelling conduction is a function of the film swelling due 
to adsorbance of analyte molecules at filler/filler junctions [8,42,43]. In case of a CPC with an ICP 
matrix, it can be a combination of both. Before discussing further the sensing mechanism or the 
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sensing behaviour, the sensing film and the parameters for the formation of the GR-PANI matrix need 
to be considered. 

3.1. Material Characterization 

The SEM images in Figure 3a-c show the surface morphology of PANI and nanocomposite 
C-PANI along with the cross-sectional SEM image of spin-coated polymer film annealed at 230 °C. 
Figure 3b does not exhibit any GR flakes for the C-PANI sample since the GR is dispersed in the 
PANI matrix and not over the surface. Nevertheless, the presence of GR in C-PANI can be shown by 
the FTIR peak shifts and changes in film conductivity or the baseline resistance. The variation between 
the expected thickness and measured thickness is due to the annealing. The thickness of PANI films 
are found to be -500 nm, whereas the thickness of Al film is -100 nm. 



Figure 3. (a,b) SEM images showing the morphology of PANI and C-PANI; 
(c) Cross-sectional SEM image of polymer sample for thickness measurement. 




^™ lOnm CCRF 1/8/2013 ^™ lOnm CCRT 1/8/2013 

X 500,000 15.0kV SEI SEM HD 3.0mm H X 500,000 15.0KV SEI SEM WD 3.0rnm 



(a) (b) 




(c) 

The polymers films — PANI and C-PANI are analyzed using FTIR, as shown in Figure 4. The major 
peaks for PANI in this spectrum belongs to CH vibrations, CN vibrations, C=C vibrations and C=N 
vibrations and coincides with the literature as well [45]. 
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The initial peaks in PANI and C-PANI such as 507 and 610 are due to aromatic ring deformation. 
However, the shift in C-PANI for CH, CN, C=C and C=N vibrations is visible due to graphene — PANI 
interaction in the PANI matrix. 

Figure 4. FTIR analysis of PANI and C-PANI material. 
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3.2. Sensing Behavior 



As the sensing mechanism is based on the variation of conductivity, electrical characterization is 
quite necessary. The increase or decrease in the conductivities will depend on the negative vapor 
coefficient (NVC) or positive vapor coefficient (PVC) effect. In the PVC case, a sharp increase of film 
resistance is observed in the presence of analyte vapor. The opposite occurs in the case of the NVC 
effect. Here, nitrogen (N 2 , 99.99%) gas is used as carrier gas and 100 ppm toluene (C6H 5 -CH 3 ) gas 
containing air as analyte. Prior to sensing studies, the sensing chamber is flushed with N2 gas. During 
N2 gas flushing, the resistance of both the sensing films increased. This can be due to desorption of the 
adsorbed gases and the stabilization of the base resistance. After that, the toluene-containing air (the 
analyte or test gas in our case) is admitted to the chamber. For the sample SI, upon the admission of 
toluene gas, the resistance of the sensing film increases, confirming the general polymer sensing 
mechanism and its PVC effect. However, the PVC effect displayed by the SI sample is quite irregular 
and hence it raises doubts about the reliability of the data. Nevertheless, heat treatment of these 
samples at 100 °C in a CO2 environment for 6-8 h shows the NVC effect. No such change is observed 
for the C-PANI sample. The detailed sensing mechanism is discussed in the next section. 

After the stabilization of the base resistance during N2 flushing, 100 ppm toluene-containing air is 
admitted into the sensing chamber. Considering the sensing behavior discussion of ICP and CPC (with 
ICP matrix), it can be said that toluene is dehydrogenated and in the process releases free electrons in 
the PANI (ICP) sensing film. This in turn changes the work functions as well as the conductivity of the 
ICP. Figure 5 shows the sensing mechanism along with the probable chemical reactions. Along with 
this effect for CPCs + ICPs, the presence of active sites on the graphene in C-PANI and swelling 
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junctions between graphene flakes facilitates further chemisorption of toluene vapor. As a result, 
C-PANI films show enhanced sensing behavior. 

Figure 5. Toluene sensing mechanism. 




C 6 H 5 -CH, +0^" -> C 6 H 5 -CHO {g) +H : 0 ( „, +e~ 

The sensor shows response towards toluene by exhibiting NVC effect. After admitting 
toluene-containing air for 10 min to facilitate the continuous dehydrogenation, the residual gases are 
flushed using N2 gas again. The selection of 10 min as waiting time is due to the inability of reaching a 
saturated resistance change (AR). The flow rate of N 2 gas is maintained at 1 standard cubic centimeter 
per minute (SCCM). 

The behaviors of both the samples (PANI and C-PANI) at different operating temperatures (30, 50 
and 100 °C) are shown in Figure 6. However, the poor reversibility of sensor at 100 °C is under 
consideration. We came to the conclusion that the poor reversibility might be due to the chemisorption 
of toluene vapor at 100 °C and the inability for complete desorption of residual gases with N2 gas flow 
at 1 SCCM. 



Figure 6. The toluene sensing behavior of PANI (SI) and C-PANI (S2) films at different 
operating temperatures (30, 50 and 100 °C). 




Sensing of 100 ppm Toluene 



Temp change Temp change 



PANI (S1) 



50 C 




°100 C o 



150 200 250 300 350 




Time (min) 



Time (min) 



Sensors 2013, 13 



16620 



Based on the sensing behavior data plotted in Figure 6, the sensor response for sample S 1 and S2 can 
be calculated with the following formula [46,47]: 



Sensing response = 



^"^xlOO 
R 



(1) 



where R a is a film resistance in air and R g is a film resistance in presence of the test gas. Figure 7 
shows the extracted sensor parameters in terms of sensor response, response time and recovery time. 
The response time and recovery time is defined as 90% of the time taken for the total resistance change 
in the presence of test gas and to recover original base resistance after desorption of the residual gases, 
respectively [7,17,47,48]. 

Figure 7. Toluene sensing behavior for PANI (SI) and C-PANI (S2) at different operating 
temperatures (a,b) Sensor response (c,d) Response time and (e,f) Recovery time. 
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As it can be observed in Figure 7a,b; the sensor response of homogeneous PANI (SI) and C-PANI 
(S2) sensing film increases with the operating temperature. However, the response time behavior as 
well as recovery time behavior of both the polymer films is quite different. In the case of response time 
in Figure 7c,d, the lack of any particular trend is visible. A similar case is also observed for the 
recovery time of both the samples SI and S2 in Figure 7e,f. The response time for sample SI (-11 min) 
and S2 (~8 min) are lowest at 30 and 50 °C, respectively. The recovery time for sample SI (-22 min) 
and S2 (-22 min) is lowest at 50 °C. The reason for the high response time is due to the inability of the 
sensors to reach saturation in the resistance change and it can be attributed to large active surface area 
for the sensor (60 mm x 40 mm). However, after waiting for 10 min of the toluene admittance, the 
response time seems to be quite high. The high recovery time can be attributed to the room temperature 
operation and inability for desorption of chemisorbed analyte only by flushing N 2 gas (at 1 SCCM). 

4. Conclusions 

To conclude, the present work discusses and compares the sensing behavior of polyaniline (PANI) 
and graphene/PANI nanocomposite (C-PANI) films as toluene (C6H5-CH3) gas sensors. The polymer 
films are grown by LbL spin coating PANI-NMP and graphene-PANI-NMP solutions. The spin-coated 
films are annealed at 230 °C and sputtered with aluminum (Al) to obtain electrodes. PANI and 
C-PANI films are characterized using SEM as well as FTIR and their sensing behavior towards 100 ppm 
of toluene analyzed at different operating temperatures of 30, 50 and 100 °C. The sensor response of 
both the polymer samples is found to increase with the temperature. However considering the response 
time and recovery time behavior; C-PANI films at the operating temperature of 50 °C shows better 
sensing behavior. 

Acknowledgments 

This work was supported by the National Research Foundation of Korea (NRF) grant funded by the 
Korea government (MEST) (No. 2012R1A2A2A01014711). 

Conflicts of Interest 

The authors declare no conflict of interest. 
References 

1. Yuliarto, B.; Kumai, Y.; Inagaki, S.; Zhou, H. Enhanced benzene selectivity of mesoporous silica 
SPV sensors by incorporating phenylene groups in the silica framework. Sens. Actuator B Chem. 
2009, 138, All-All . 

2. Zhang, F.; Wang, X.; Dong, J.; Qin, N.; Xu, J. Selective BTEX sensor based on a Sn02/V 2 05 
composite. Sens. Actuator B Chem. 2013, 186, 126-131. 

3. U.K. Health Protection Agency. Available online: http://www.hpa.org.uk/webc/hpawebfile/ 
hpaweb_c/1284473499738 (accessed on 10 November 2013). 

4. Parmar, M. Development and Performance Study of Nanostructured Metal Oxide Gas Sensors. 
Ph.D. Thesis, Indian Institute of Science, Bangalore, India, 12 June 2012. 



Sensors 2013, 13 



16622 



5. Liu, L.; Zhang, Y.; Wang, G.; Li, S.; Wang, L.; Han, Y.; Jiang, X.; Wei, A. High toluene sensing 
properties of NiO-Sn02 composite nanofiber sensors operating at 330 °C. Sens. Actuator B Chem. 
2011, 160, 448-454. 

6. Seo, M.H.; Yuasa, M.; Kida, T.; Huh, J.S.; Yamazoe, N.; Shimanoe, K. Microstructure control of 
T1O2 nanotubular films for improved VOC sensing. Sens. Actuator B Chem. 2011, 154, 251-256. 

7. Zeng, Y.; Zhang, T.; Wang, L.; Kang, M.; Fan, H.; Wang, R.; He, Y. Enhanced toluene sensing 
characteristics of TiCVdoped flowerlike ZnO nano structures. Sens. Actuator B Chem. 2009, 140, 
73-78. 

8. Tung, T.T.; Castro, M.; Kim, T.Y.; Suh, K.S.; Feller, J.F. Graphene quantum resistive sensing 
skin for the detection of alteration biomarkers. J. Mater. Chem. 2012, 22, 21754-21766. 

9. Tung, T.T.; Castro, M; Feller, J.F.; Kim, T.Y.; Suh, K.S. Hybrid film of chemically modified 
graphene and vapor-phase-polymerized PEDOT for electronic nose applications. Org. Electron. 
2013, 14, 2789-2794. 

10. Kauffman, D.R.; Star, A. Carbon nanotube gas and vapor sensors. Angew. Chem. Int. Ed. Engl. 
2008, 47, 6550-6570. 

11. Matsuguchi, M.; Asahara, K; Mizukami, T. Highly sensitive toluene vapor sensors using carbon 
black/amino functional copolymer composites. J. Appl. Polym. Sci. 2013, 127, 2529-2535. 

12. Kim, K.S.; Baek, W.H.; Kim, J.M.; Yoon, T.S.; Lee, H.H.; Kang, C.J.; Kim, Y.S. A nanopore 
structured high performance toluene gas sensor made by nanoimprinting method. Sensors 2010, 
10, 765-774. 

13. Ding, X.; Zeng, D.; Zhang, S.; Xie, C. C-doped WO3 microtubes assembled by nanoparticles with 
ultrahigh sensitivity to toluene at low operating temperature. Sens. Actuator B Chem. 2011, 155, 
86-92. 

14. Seo, M.H.; Yuasa, M.; Kida, T.; Huh, J.S.; Shimanoe, K; Yamazoe, N. Gas sensing 
characteristics and porosity control of nano structured films composed of TiC>2 nanotubes. 
Sens. Actuator B Chem. 2009, 137, 513-520. 

15. Deng, L.; Ding, X.; Zeng, D.; Zhang, S.; Xie, C. High sensitivity and selectivity of C-doped WO3 
gas sensors toward toluene and xylene. IEEE Sens. J. 2012, 12, 2209-2214. 

16. Han, N.; Liu, H.; Wu, X.; Li, D.; Chai, L.; Chen, Y. Pure and Sn-, Ga- and Mn-doped ZnO gas 
sensors working at different temperatures for formaldehyde, humidity, NH3, toluene and CO. 
Appl. Phys. A 2011, 104, 627-633. 

17. Liu, B.; Yang, H.; Zhao, H.; An, L.; Zhang, L.; Shi, R.; Wang, L.; Bao, L.; Chen, Y. Synthesis 
and enhanced gas-sensing properties of ultralong NiO nanowires assembled with NiO 
nanocrystals. Sens. Actuator B Chem. 2011, 156, 251-262. 

18. Zhu, B.L.; Xie, C.S.; Wang, A.H.; Zeng, D.W.; Song, W.L.; Zhao, X.Z. The gas-sensing properties 
of thick film based on tetrapod- shaped ZnO nanopowders. Mater. Lett. 2005, 59, 1004-1007. 

19. Bai, H.; Shi, G. Gas sensors based on conducting polymers. Sensors 2007, 7, 267-307. 

20. Snook, G.A.; Kao, P.; Best, A.S. Conducting-polymer-based supercapacitor devices and 
electrodes. J. Power Sources 2011, 196, 1-12. 

21. Forzani, E.S.; Zhang, H.Q.; Nagahara, LA.; Amlani, I.; Tsui, R.; Tao, N.J. A conducting polymer 
nanojunction sensor for glucose detection. Nano Lett. 2004, 4, 1785-1788. 



Sensors 2013, 13 



16623 



22. Ameen, S.; Akhtar, M.S.; Husain, M. A review on synthesis processing, chemical and conduction 
properties of polyaniline and its nanocomposites. Sci. Adv. Mater. 2010, 2, 441-462. 

23. Lux, F. Properties of electronically conductive polyaniline: A comparison between well-known 
literature data and some recent experimental findings. Polymer 1994, 35, 2915-2936. 

24. Gospodinova, N.; Terlemezyan, L. Conducting polymers prepared by oxidative polymerization: 
Polyaniline. Prog. Polym. Sci. 1998, 23, 1443-1484. 

25. Zheng, W.; Min, Y.; MacDiarmid, A.G.; Angelopoulos, M.; Liao, Y.H.; Epstein, A.J. Effect of 
organic vapors on the molecular conformation of non-doped polyaniline. Synth. Met. 1997, 84, 
63-64. 

26. Bhadra, S.; Khastgir, D.; Singha, N.K.; Lee, J.H. Progress in preparation, processing and 
applications of polyaniline. Prog. Polym. Sci. 2009, 34, 783-810. 

27. Stankovich, S.; Dikin, D.A.; Dommett, G.H.B.; Kohlhaas, K.M.; Zimney, E.J.; Stach, E.A.; 
Piner, R.D.; Nguyen, S.T.; Ruoff, R.S. Graphene-based composite materials. Nature 2006, 442, 
282-286. 

28. Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V.; 
Firsov, AA. Electric field effect in atomically thin carbon films. Science 2004, 306, 666-669. 

29. Stoller, M.D.; Park, S.; Zhu, Y.; An, J.; Ruoff, R.S. Graphene-based ultracapacitors. Nano Lett. 
2008, 8, 3498-3502. 

30. Lee, C.; Wei, X.D.; Kysar, J.W.; Hone, J. Measurement of the elastic properties and intrinsic 
strength of monolayer graphene. Science 2008, 321, 385-388. 

31. Balandin, A.A.; Ghosh, S.; Bao, W.; Calizo, I.; Teweldebrhan, D.; Miao, F.; Lau, C.N. Superior 
thermal conductivity of single-layer graphene. Nano Lett. 2008, 8, 902-907. 

32. Dreyer, D.R.; Ruoff, R.S.; Bielawski, C.W. From conception to realization: an historical account of 
graphene and some perspectives for its future. Angew Chem. Int. Ed. Engl. 2010, 49, 9336-9344. 

33. Zhou, X.S.; Wu, T.B.; Hu, B.J.; Yang, G.Y.; Han, B.X. Synthesis of graphene/polyaniline 
composite nanosheets mediated by polymerized ionic liquid. Chem. Commun. 2010, 46, 3663-3665. 

34. Kim, H.; Abdala, A. A.; Macosko, C.W. Graphene/polymer nanocomposites. Macromolecules 
2010, 43, 6515-6530. 

35. Huang, X.; Qi, X.; Boey, F.; Zhang, H. Graphene-based composites. Chem. Soc. Rev. 2012, 41, 
666-686. 

36. Kuilla, T.; Bhadra, S.; Yao, D.; Kim, N.H.; Bose, S.; Lee, J.H. Recent advances in graphene based 
polymer composites. Prog. Polym. Sci. 2010, 35, 1350-1375. 

37. Zhang, K.; Zhang, L.L.; Zhao, X.S.; Wu, J.S. Graphene/polyaniline nanofiber composites as 
supercapacitor electrodes. Chem. Mater. 2010, 22, 1392-1401. 

38. Yan, J.; Wei, T.; Shao, B.; Fan, Z.J.; Qian, W.Z.; Zhang, ML.; Wei, F. Preparation of a graphene 
nanosheet/polyaniline composite with high specific capacitance. Carbon 2010, 48, 487-493. 

39. Al-Mashat, L.; Shin, K; Kalantar-Zadeh, K; Plessis, J.D.; Han, S.H.; Kojima, R.W.; Kaner, R.B.; 
Li, D.; Gou, X.; Ippolito, S.J.; et al. Graphene/polyaniline nanocomposite for hydrogen sensing. 
J. Phys. Chem. C2010, 114, 16168-16173. 

40. Ameen, S.; Akhtar, M.S.; Shin, H.S. Hydrazine chemical sensing by modified electrode based on 
in situ electrochemically synthesized polyaniline/graphene composite thin film. Sens. Actuator B 
Chem. 2012, 173, 177-183. 



Sensors 2013, 13 



16624 



41. Konwer, S.; Guha, A.K.; Dolui, S.K. Graphene oxide-filled conducting polyaniline composites as 
methanol-sensing materials. J. Mater. Sci. 2013, 48, 1729-1739. 

42. Lu, J.; Park, B.J.; Kumar, B.; Castro, M.; Choi, H.J.; Feller, J.F. Polyaniline nanoparticle-carbon 
nanotube hybrid network vapour sensors with switchable chemo-electrical polarity. 
Nanotechnology 2010, 21, 255501:1-255501:10. 

43. Janata, J.; Josowicz, M. Conducting polymers in electronic chemical sensors. Nat. Mater. 2003, 2, 
19-24. 

44. Jo, B.H.; van Lerberghe, L.M.; Motsegood, K.M.; Beebe, D.J. Three-dimensional micro-channel 
fabrication in polydimethylsiloxane (PDMS) elastomer. /. Micro electromech. Syst. 2000, 9, 76-81. 

45. Wu, Z.; Chen, X.; Zhu, S.; Zhou, Z.; Yao, Y.; Quan, W.; Liu, B. Room temperature methane 
sensor based on graphene nanosheets/polyaniline nanocomposite thin film. IEEE Sens. J. 2013, 
13, 777-782. 

46. Parmar, M.; Bhatia, R.; Prasad, V.; Rajanna, K. Ethanol sensing using CuO/MWNT thin film. 
Sens. Actuator B Chem. 2011, 158, 229-234. 

47. Parmar, M.; Rajanna, K. Copper (II) oxide thin film for methanol and ethanol sensing. Int. J. 
Smart Sens. Intell. Syst. 2011, 4, 710-725. 

48. Balamurugan, C; Lee, D.-W. A selective NH3 gas sensor based on mesoporous p-type NiV206 
semiconducting nanorods synthesized using solution method. Sens. Actuator B Chem. 2013, in press. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3.0/). 



